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bstract

This present paper evaluates the potentiality in terms of production method and pollutant emission reduction of a new bio-derived oxygenated
ompound, 1,1-diethoxyethane, used as additive in an automotive diesel engine. The additive is obtainable from bio-ethanol by means of an
cid-catalysed process. Several acid ion-exchanged polymers with acidic strength comparable with that of “concentrated” sulphuric acid were used
o prepare silica-heterogenized perfluorosulfonic (PFS) acid catalysts by incipient wetness impregnation of commercial silica samples. The acid
atalysts were used in the synthesis of acetal at 4 ◦C and 3 atm in a stirred batch reactor. A systematic comparison of reaction path and catalysts
cid-strength points to a direct relationship between acidic capacity and catalytic activity.

The product has good characteristics for diesel blending, but it is characterized by a low flash point. The evaluation of the additive performance
n a diesel fuel blend was carried out in a passenger car light-duty diesel engine in two steady-state operation points. The chosen testing points are

onsidered partially representative of the engine behaviour during the NEDC test procedure.

Engine tests showed an insensitive effect of 1,1-diethoxyethane on gaseous pollutant emissions (HC, CO and NOx), on the contrary a marked
eduction of exhaust smoke was verified. Fuel consumption was slightly increased because of the total oxygen content of the blend.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The growing need to reduce the environmental impact of the
odern lifestyle imposes a continuous development of novel

echnologies aimed at a severe reduction of pollutant emissions,
ainly from mobile sources, to ensure a tolerable quality of

ife in metropolitan areas. This has involved in the last years
n extraordinary research effort for disclosing and synthesizing
ore effective and cleaner fuels that could result in lower CO2

nd pollutant emissions. In perspective, a way to such goal is
epresented by increasing the use of natural energy sources, like
iomass, instead of fossil fuel.

As well known, ethanol is considered a clean bio-derivable
dditive (from biomass) for diesel fuels [1]. However, some dis-
dvantages in its use should be overcome, mainly the strong

nstability of the ethanol–diesel fuel blend even at low tempera-
ure. An alternative to ethanol as bio-derivable additive for diesel
uel could be the 1,1-diethoxyethane (also named “acetal”) pro-

∗ Corresponding author. Tel.: +39 090 624233; fax: +39 090 624247.
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uced by the acid-catalysed addition of ethanol and acetaldehyde
2]. This compound is miscible in diesel fuel and shows good
haracteristics in terms of viscosity and auto-ignition tempera-
ure, as reported in Table 1.

Generally, “acetal” is industrially produced via uneconomic
omogeneous catalytic process, involving the reaction of two
oles of ethanol with one of acetaldehyde to produce one mole

f acetal. Like many other high-value chemical syntheses, this
rocess still industrially lies on the use of strong mineral acids,
uch as H2SO4 or HF, as catalysts [3]. Clearly, environmental
nd economic reasons [4,5] impose the adoption of cleaner and
ore selective process technologies deserving the replacement

f homogeneous processes with safer heterogeneous catalytic
echnologies based on the employment of strong solid-acid cata-
ysts [6]. Although zeolites and functionalized silica (by addition
f sulfonic acid groups) were found to catalyze many organic
eactions [7–15], only few articles have addressed the use of
table and selective solid-acid catalysts for the acetal manu-

acture instead of mineral acids [16,2]. On the other hand, the
easibility of the acetal synthesis through the employment of cat-
lytic heterogeneous systems has been documented [2], yet the
argets were longer inadequate for industrial purposes [16,2].

mailto:francesco.frusteri@itae.cnr.it
dx.doi.org/10.1016/j.cej.2007.03.042
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Table 1
Main properties of acetal

Molecular formula C6H14O2

Density (g/ml at 25 ◦C) 0.831
Boiling point (◦C) 103
Melting point (◦C) −100
Relative density (diesel fuel) ≈1
Solubility in water (g/100 ml) 5.0
Vapour pressure (kPa at 20 ◦C) 2.7
Relative vapour density (air = 1) 4.1
Flash point (◦C) −21
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Table 2
List of the studied catalysts

Code Polymera

(wt.%)
�eq. H+ g−1b SABET

(m2 g−1)
Mean pore
diameter (Å)

6A-LM50 6.0 73 120 198
13A-LM50 13.0 154 113 176
18A-LM50 18.0 185 107 146
24A-LM50 24.0 283 99 132
30A-LM50 30.0 354 95 129
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was evaluated on the base of preliminary analysis in order to
estimate the better compromise between the flash point reduction
and the oxygen content increment in the blend.

Table 3
Main properties of the reference diesel fuel

Fuel chemical–physical property
Density at 15 ◦C (g/l) 833.7
Kinematic viscosity at 40 ◦C 2.9
IBP (◦C) 185.9
90% volume (◦C) 334.1
FBP (◦C) 361.4
Heat of combustion (MJ/kg) 43.0

Formulation of fuel
Paraffins (wt.%) 40.7
Naphten (wt.%) 39.5
uto-ignition temperature (◦C) 230
xplosive limits (vol% in air) 1.6–10.4

oreover, probing a series of different acidic systems (zeo-
ite, modified clay and sulfonic ion-exchange resins), Capeletti
t al. did not observe “a clear relationships between activity
nd the amount of acidity, or the physical properties of the
atalysts” [2].

Amongst various classes of potential solid-acid catalysts,
n recent years a great interest has been focused on acid ion-
xchanged polymers, such as Nafion®, characterized by terminal
ulfonic groups, whose acidic strength is comparable with that
f “concentrated” sulphuric acid [17,18]. However, the use of
pure” perfluorosulfonic-like solid-acids are generally limited
y an intrinsic low surface exposure reflecting in poor process
ields [19].

Therefore, this paper is aimed at assessing synthesis route
nd catalytic performance of silica-heterogenized perfluorosul-
onic (PFS) acids in the synthesis of acetal and at evaluating the
mission reduction performance on the use of acetal in a diesel
uel. On this account, tests on a modern light-duty diesel engine
ere performed comparing a standard European high quality
iesel fuel with its blend with 1,1-diethoxyethane.

. Experimental

.1. Catalysts

Differently loaded (6–30 wt.%) acid perfluorosulfonic–silica
atalysts (PFS–SiO2) were prepared by the incipient wetness
mpregnation of a commercial silica sample with a solution
f PFS-polymer, according to the following procedures. The
atalysts were prepared by the stepwise addition of hydroalco-
olic solution of PFS-polymer (A-type, 5 wt.%) to a commercial
iO2 powders (Fumed silica, “LM-50”, Cab-O-Sil division).
efore the impregnation the SiO2 support was treated in air
t 300 ◦C, while the solution of copolymer was further diluted
n ethanol (1:4). Then, the solution was added to SiO2 support
ntil visible wetness was obtained. Subsequently, the material
as dried at 60 ◦C for 30 min. This procedure was repeated until

he designed amount of polymer was loaded on the support.
fter deposition, all the samples were treated in air at 120 ◦C
or 2 h.
The amount of PFS-polymer was determined by TGA–DSC

easurements using a NETZSCH Simultaneous Thermal Anal-
sis Instrument STA 409 C. Analysis of powdered catalysts was
a Polymer loading evaluated by TGA analysis.
b Brönsted’s acidity evaluated by ZPC analysis.

arried out using a Philips X-Pert diffractometer operating with
u K� radiation (1.5405 Å) at 40 kV and 30 mA. Modelling
f XRD spectra has been performed by deconvolution analysis
f experimental profiles by a linear combination of Gaussian
omponents, using the “PeakFit v4” software package (Jandel
cientific) [20]. Scanning electron microscopy (SEM) analyses
ave been carried out using a Jeol 5600 LV microscope, operat-
ng with an accelerating voltage of 20 kV. The SEM micrographs
ave been taken after samples coating by gold sputtering. The
rönsted acidity was estimated electrochemically by the zero
oint charge (ZPC) technique, according to the procedure else-
here described in [21]. Testing in the acetal synthesis was
erformed at 4 ◦C and a pressure of 3 atm using a 100 cm3 batch
eactor containing 0.05 g of catalyst and 60 cm3 of a reactant
ixture of acetaldehyde/ethanol in the molar ratio 1:2, stirred

t 2000 rpm. Reagents and products were analysed using a HP
890 gas chromatograph.

The list of the studied catalyst is reported in Table 2.

.2. Definition of the tested fuel blend

The preliminary evaluation of diesel/acetal blend advantages
ith respect to the use of the pure diesel fuel was carried out for
nly one percentage blend. The choice of the percentage blend
Aromatics (wt.%) 22.0
Oxygen (wt.%) 0.0
Sulphur (mg/kg) 31.0
Cetane number 53.3
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Table 4
Flash point for the acetal/diesel fuel blends

Fuels aFlash point (◦C)

100% diesel fuel 73
5% acetal/95% diesel fuel 45
10% acetal/90% diesel fuel 32
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ig. 1. Mass oxygen content of the acetal/diesel fuel blend vs. the acetal volume
ercentage.

As reference diesel fuel a high quality low sulphur diesel fuel
as selected. The fuel respects the 2005 European regulations

nd its specifics are reported in Table 3.
From past experiences on oxygenated additives for diesel

mission reduction [22,23], it was evidenced that emission
eduction, and in particular exhaust smoke abatement, depend
pon the fuel oxygen content and in any case, the threshold for
n effective smoke reduction is about at least 3% in mass of
xygen.

In Fig. 1, the oxygen mass content versus acetal volume in
he base fuel is plotted. To reach the indicated threshold oxygen
ontent a blend in volume of about 10% of acetal and 90% of
iesel is necessary.

Therefore, a blend of 10% was considered as the starting fuel
lend for the emission analysis.

In order to evaluate the flash point decrease with the addition
f acetal to diesel fuel, a determination of the flash point for
hree selected blends at 5, 10 and 20% was also performed. The

esults are reported in Table 4.

All blends are below the European regulation limit (52 ◦C).
owever, as above considered, this result does not weaken the

nterest on this kind of product as useful additive for emission

a
t
c
l

Fig. 2. X-ray diffraction patterns (A) and relative deconvolution analysis (
0% acetal/80% diesel fuel 28

a Evaluated on the basis of ASTM (D93/02) normative.

eduction. In any case, the blend tested in the engine (10% acetal
n 90% diesel) shows a flash point of 32 ◦C.

The selected blend was tested in a diesel engine and compared
ith the pure base fuel in terms of engine performance and

xhaust emissions.

. Results and discussions

.1. Characterization and tests of the catalysts

.1.1. Structural properties
As summarised in Table 2, all incipient catalysts features

n almost similar surface area (SABET), ranging from ca. 90
o 120 m2 g−1, and pore size distribution, characterized by the

arked presence of micro-mesopores with an average diameter
airly depending on the loading and ranging from ca. 130 to
00 Å.

The XRD patterns of high loaded catalyst (30A-LM50) and
f bare PSF-polymer (obtained by slow evaporation of solvent)
re compared in Fig. 2A. Namely, the catalyst displays rather
road and poorly resolved XRD lines in 2θ range 10–45◦, char-
cterized by two more or less resolved maxima likely related to
he polymeric chains [20] and to the amorphous phase of silica
2θ = 21.5◦). While the unsupported copolymer features a rather
ymmetric XRD peak in the 2θ range 10–20◦ coming from the
onvoluted signals of amorphous (2θ = 16.0◦) and crystalline
2θ = 17.5◦) polyfluorocarbon phase. Then, the deconvolution

nalysis of the X-ray diffractograms, shown in Fig. 2B, indicates
hat for the 30A-LM50 catalyst the ratio between the peak area of
rystalline and amorphous phases (“c/a” of ca. 0.54) is markedly
esser than for unsupported copolymer (equal to 0.91). The lower

B) of catalyst 30A-LM50 and reference unsupported PSF-polymer.
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Fig. 3. SEM pictures of samples 30A-LM50 at 10K× of magnification.

rade of PFS-crystallinity observed in the catalysts proves the
trong interaction created between the polymeric phase and the
norganic carrier oxide, pointing to a direct role of the textural
roperties of the SiO2 support (e.g., abundance and volume of
icropores) that may affect the features of the perfluorosulfonic

hain [24–26]. In particular Fig. 2B documents that the process
f “anchoring” modifies the amorphous/crystalline arrangement
f PFS chains, leading to a greater amorphous character at which
orresponds a higher hydrophilic behaviour of the polymeric
hase.

The SEM image of sample 30A-LM50 is shown in Fig. 3. As
an be noticed, this sample is characterized by the presence of
egular structure consisting of aggregates with an average size
f ca. 20 �m. Moreover, from the SEM image (Fig. 3) emerges
hat for the used support the value of 30% represents the upper
imit of loading after the which the supporting process is not
dvantageous due to the incipient “over-saturation” of pores with
onsequent growth of multi-layer of PFS phase.

.1.2. Acidic properties
The data relative to the acidic capacity of the various cat-

lysts are summarised in Table 2 in term of proton (H+) per
ram of catalyst (�eq. H+ g−1). The ZPC measurements indi-
ate the presence of an “abundant” Brönsted’s acidity related to
he structure property of polymers and silica carriers. Namely,
ll the studied systems possess an acidic capacity ranging from
0 to 350 �equiv. H+ g−1, closely dependent on the amount
f polymer. In fact, considering the effects of loading on the
cid capacity of type-A/LM50-SiO2 systems, an almost linear
ise of the acidity with the polymer loading is observed in the
hole range (6–30 wt.%) investigated, as shown in Fig. 4. These
ndings are not so obvious considering that the replacement
f strong liquid mineral acids (HCl, H2SO4, etc.), with solid
nes, imply some differences such as the fact that in a homo-
eneous system an increase in acid’s amount leads, in the right
ange, to a “linear rising” in system’s Brönsted acidity, other-

ise, for heterogenized system an increasing in polymer loading
ot always has a similar effect. Heterogeneous systems are in
his case characterized by sulfonic acid groups (on polymer’s
hort-lateral-chains) those are at different levels in contact with

(
b
b
f

ig. 4. Relationship between acidic capacity of various catalysts and polymer
oading.

he carrier’s surface. In this sense [–SO3H] groups may differ-
ntly interact with the surface of silica. Therefore, the support
ould induce some effect (through the formation of H-bonds) on
roton mobility and/or interferes with the mass transfer diffusion
henomena, also diversely limiting the protons mobility. In other
ords, the modes through the PFS phases are anchored could

ead to a different acid-strength for the diversely loaded heterog-
nized catalysts, observable in a “alkaline-wake ambient” as the
eaction medium. In this sense, superior protons mobility will
rive to higher performance in the synthesis of acetal.

.1.3. Catalytic activity
The catalytic synthesis of acetal in the presence of PFS-SiO2

ystems leads to the exclusive formation of acetal. No traces
f PFS in the reacting solution, due to leaching phenomena,
ere detected. Activity data at 30 min of reaction time, using
catalyst/reagents ratio of 1/900 (wt/wt), are summarised in

able 5 and Fig. 5, in terms of conversion of ethanol (Xethanol,
), acetal productivity (mol h−1 g−1

cat l−1
slurry) and site time yield

mol h−1 meq.−1
H+ site l−1

slurry).
As a rule, the conversion increases with the acidity of catalysts

Table 5) in right agreement with a higher Brönsted’s acid capac-
ty (Table 2), although for the studied catalysts Brönsted acidity

easurements were carried out through an aqueous solution
NaCl/water solution), while the reaction medium is represented

y an anhydrous solution of ethanol/acetaldehyde characterized
y different acid–base behaviour and very low “ionic driving
orce”.
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Table 5
Catalytic activity data carried out at 4 ◦C and 3 bar and at 30 min of reaction time

Catalysts Xethanol (%) Acetal productivity
(mol h−1 g−1

cat l−1
slurry)

Site time yield
(mol h−1 meq.−1

H+ sitel−1
slurry)

6A-LM50 5.1 5.9 80.8
12A-LM50 11.0 13.1 85.1
18A-LM50 14.2 16.1 87.0
2 26.
3 35.
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revolution per minute (rpm) in two different torque values: 2 and
5 bar of brake mean effective pressure (BMEP).

In Figs. 6 and 7 the energizing current of the electro-injector
(signal of the injection command), the cylinder pressure, the rate
4A-LM50 21.8
0A-LM50 28.9

A superior catalytic performance is found for the catalyst with
igher loading (30%) of acid polymer, denoted by the highest
thanol conversion (ca. 30%) and acetaldehyde productivity (ca.
6 mol h−1 g−1

cat l−1
slurry). Anyway, the nature of the SiO2 support

lays also a role on the catalytic performance of the various
amples. In particular, the difference in site time yield (STY)
alue (Table 5), point to a direct role of the SiO2 support that
t lower PFS loading effects limiting the protons mobility of
he sulfonic acid groups. Then, far away from equilibrium con-
itions, the reaction kinetics depend almost linearly upon the
rönsted acidity according to an almost straight-line increase in
cetal productivity with the polymer loading, as shown in Fig. 5.
hese findings suggest that Capeletti et al. did not observe “a
lear relationships between activity and the amount of acidity
r the physical properties of the catalysts”, because the authors
ave probed chemical–physical different systems [2].

In all experiments carried out no side products were detected,
hen selectivity was considered always 100% to acetal.

Although the ethanol conversion is limited by thermody-

amic constraints due to water formation:

C2H5OH + CH3CHO � (C2H5O)CHCH3 + H2O

ig. 5. Synthesis of acetal at 4 ◦C and 3 atm. Ethanol conversion and acetal
roductivity of various catalysts vs. polymer loading.

F
r
a

1 92.2
6 98.6

owever, the maximum acetal productivity value (ca.
6 mol h−1 g−1

cat l−1
slurry) is remarkable, resulting higher by ca. two

rders of magnitude than those recently reported in the literature
sing diverse solid-acid catalysts for acetal systems [2].

.2. Engine performance with diesel/acetal blend

Generally, the analysis of engine performance are done by
eans of the study of the behaviour of cylinder pressure, injector

ontrol signal and the rate of the heat release of combustion, this
ast calculated from the cylinder pressure data [27].

The engine tests were done at the same speed equal to 1500
ig. 6. Energizing current of electro-injector, cylinder pressure, rate of heat
elease of combustion and dp/dϑ comparison for the two fuels in the 1500 rpm
t 2 bar of BMEP engine operating point.
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Fig. 8. HC and CO emissions comparison for the two fuels (diesel and
acetal/diesel blend) in both engine operating points at 2 and 5 bar of BMEP.
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ing points. The slight increase of BSFC using the blend is only
due to the lower heat content of the additive with respect to the
pure diesel fuel, with any detrimental effect of the acetal on the

Table 6
Smoke emission reduction in percentage of acetal/diesel blend with respect to
the pure diesel fuel
ig. 7. Energizing current of electro-injector, cylinder pressure, rate of heat
elease of combustion and dp/dϑ comparison for the two fuels in the 1500 rpm
t 5 bar of BMEP engine operating point.

f heat release and the maximum pressure raise versus crank
ngle (dp/dϑ) for both engine test points are plotted for the two
uels (diesel and acetal/diesel blend).

From the analysis of the figures, it can be observed that acetal
oes not affect the engine combustion behaviour because no
ignificant difference between the two fuels were noticed.

In fact, at the same injection setting, as evidenced from the
ame energizing current signals, it corresponds a perfect over-
apping of cylinder pressure and rate of heat release curves.

In addition, the maximum pressure rate versus crank angle
s also labelled, evidencing no variation in maximum pressure
ate, this last directly related to the combustion noise and so
o the comfort aspect of the engine. Therefore, acetal addi-
ion shows a “transparent” effect on combustion behaviour
nd this is a promising result of the use of these kinds of
dditives.

At the exhaust of the engine, the effects of acetal addition
ere analyzed by means of gaseous and smoke emissions mea-

urements. Fig. 8 shows the HC and CO emission values, while
ig. 9 reports NOx-soot trade-off. Nitrogen oxide and soot are

he most incriminating pollutants at the exhaust of the diesel
ngine and their trends are typically opposite. Differently from
he other pollutants, in Fig. 9 their values have been plotted as
bscissas and ordinates in order to evidence the effect of acetal

ddition on both of them.

In terms of unburned gaseous emissions (Fig. 8), no signif-
cant variations were noted, as the differences reported in the
ame figure are inside the standard deviation of the measure-

O

1
1

ig. 9. NOx-soot trade-off for the two fuels (diesel and acetal/diesel blend) in
oth engine operating points at 2 and 5 bar of BMEP.

ent. On the contrary, in Fig. 9 is evident that the presence of
xygen in the fuel involves in a reduction of exhaust smoke and a
light increase of NOx emissions. This was an expected result, in
greement with previous studies on diesel oxygenated synthetic
uels reported in literature [22,23].

In fact, in modern diesel engines, many literature results indi-
ate that NOx emissions are mainly sensible to exhaust gas
ecirculation (EGR) level rather than to fuel quality, while smoke
s strongly dependent from the global oxygen content. Anyway
he kind of oxygenate product can also play a significant role on
oot emission reduction [22,23,27–30].

Table 6 reports the smoke emission percentage reduction
ffered by the blend of acetal with respect to the pure diesel
uel.

Fig. 10 compares the fuel consumption at the same engine
orque (brake specific fuel consumption-BSFC) for the pure
iesel and its blend at 10% of acetal in the two test operat-
perating point Smoke reduction (%)

500 rpm at 2 bar BMEP 18
500 rpm at 5 bar BMEP 48
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ig. 10. Brake specific fuel consumption comparison for the two fuels (diesel
nd acetal/diesel blend) in both engine operating points of 2 and 5 bar of BMEP.

ombustion efficiency as confirmed from the quite same values
f unburned gaseous emissions using the two fuels (see again
ig. 8).

. Conclusions

The present paper has described the preliminary character-
zation of an alternative synthetic oxygenated fuel for diesel
ngines obtainable by bio-ethanol. This last characteristic goes
he product bio-derivable and so very interesting for CO2
mission reduction in the atmosphere. The compound is the
,1-diethoxyethane, briefly named acetal.

The heterogeneization of PFS acid polymers on pre-formed
iO2 carrier by a simple impregnation technique does not affect

he acidic properties of the bare PFS polymer, leading to very
ignificant improvement in the surface area which allows for a
ull availability of the sulfonic acidic groups in acid-catalysed
iquid-phase reactions. The suitability of PFS–SiO2 catalysts
or the synthesis of acetal has been ascertained. The catalysts
esult very active and selective towards the production of acetal,
enoting also a good mechanical and chemical stability under
he typical process conditions. The acetal yield obtained by the
mployment of PFS–SiO2 catalysts result the highest than those
eported in the literature using diverse solid-acid catalysts [2].

The product (1,1-diethoxyethane) was tested in a diesel
ngine as oxy-additive of a fossil diesel fuel, and its performance
n terms of combustion behaviour and emission reduction were
valuated and compared with those of the pure diesel fuel.

The global analysis of the results has shown an insensitive

ffect on gaseous emissions (HC, CO and NOx) and a marked
eduction of exhaust smoke [22,23,27–30]. Fuel consumption
as slightly increased and linked with the total oxygen content
f the blend.

[

[
[
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Due to its too low flash point this product cannot be used
n diesel vehicles without the adoption of adequate safety sys-
ems. Notwithstanding, the exploration of new alternative ways
o produce “green” bio-derived oxy fuels, useful for pollutant
mission reduction from internal combustion engines, appears
ery promising.
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